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of the bound PIP2 lipids. However, when the total charge 
amount of the polyelectrolyte is larger than that of the local 
PIP2 lipids, the polyelectrolyte further binds the PS lipids 
around the polyelectrolyte–PIP2 complex to achieve local 
electrical neutrality. In this condition, parts of the polyelec-
trolyte desorb from the membrane and show faster mobil-
ity, and the bound PS presents much faster mobility than 
the segregated PIP2. This work provides an explanation for 
heterogeneity formation in different anionic lipids induced 
by polyelectrolyte adsorption.
Keywords Anionic lipid · Polyelectrolyte · Segregation · 
Mobility · Monte Carlo simulation
Introduction
The plasma membranes of mammalian cells contain mono-
valent and multivalent anionic lipids. When cationic mac-
romolecules adsorb onto the membrane, the anionic lipids 
tend to segregate around the adsorbate to achieve local 
charge neutrality (Czech 2000; McLaughlin and Murray 
2005). These interactions result in lateral membrane rear-
rangement and restricted dynamics of the anionic lipids, 
which function in a great number of crucial cellular pro-
cesses (Czech 2000; Di Paolo and De Camilli 2006; Gold-
enberg and Steinberg 2010; Lemmon 2003; McLaughlin 
and Murray 2005). The major anionic phospholipids in 
plasma membrane are monovalent lipids such as phos-
phatidylserine (PS), which account for 10–20 % of all 
membrane phospholipids. Previous studies have shown 
that PS lipids play key roles in many speciﬁc cellular func-
tions (Vance and Steenbergen 2005). The sizable pools of 
PS lipids can regulate charges of the membrane surface for 
biomacromolecule binding (Yeung et al. 2008). Another, 
Abstract We employ Monte Carlo simulations to inves-
tigate the interaction between an adsorbing linear ﬂex-
ible cationic polyelectrolyte and a ternary mixed ﬂuid 
membrane containing neutral (phosphatidylcholine, PC), 
monovalent (phosphatidylserine, PS), and multivalent 
(phosphatidylinositol, PIP2) anionic lipids. We systemati-
cally explore the inﬂuences of polyelectrolyte chain length, 
polyelectrolyte charge density, polyelectrolyte total charge 
amount, and salt solution ionic strength on the static and 
dynamic properties of different anionic lipid species. Our 
results show that the multivalent PIP2 lipids dominate the 
polyelectrolyte–membrane interaction and competitively 
inhibit polyelectrolyte–PS binding. When the total charge 
amount of the polyelectrolyte is less than that of the local 
oppositely charged PIP2 lipids, the polyelectrolyte can 
drag the bound multivalent lipids to diffuse on the mem-
brane, but cannot interact with the PS lipids. Under this 
condition, the diffusion behaviors of the polyelectrolyte 
closely follow the prediction of the Rouse model, and the 
polyelectrolyte chain properties determine the adsorption 
amount, concentration gradients, and hierarchical mobility 
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more important component of plasma membrane that domi-
nates macromolecule–membrane interactions is multivalent 
anionic lipids, i.e., phosphatidylinositol 4,5-bisphosphate 
(PIP2), a sort of signaling lipid, which account for only 
about 1 % or less of all lipids in the cytoplasmic leaﬂet of 
the plasma membrane yet function in nearly all cellular 
activities, including activation of ion channels, phagocyto-
sis, endocytosis, cytoskeletal attachment, vesicle trafﬁck-
ing, modulation of proteins in cancer, etc. (Czech 2000; Di 
Paolo and De Camilli 2006; Lemmon 2003; McLaughlin 
and Murray 2005).
Interactions between cationic macromolecules and ani-
onic lipids in mixed membranes have been extensively 
investigated via experimental methods (deMeijere et al. 
1997; Gambhir et al. 2004; Garnier-Lhomme et al. 2009; 
Mitrakos and Macdonald 2000; Murray et al. 2002; Porcar 
et al. 1994, 1997a, b, c; Raudino and Castelli 1997) so as 
to further understand the related mechanisms (Czech 2000; 
Di Paolo and De Camilli 2006; Goldenberg and Steinberg 
2010; Lemmon 2003; McLaughlin and Murray 2005) and 
develop biological applications, such as biosensors (Cai 
et al. 2008; Cicchetti et al. 2004; Sarkar et al. 2011), nano-
reactors (Yan et al. 2009), protein chips (Ferguson et al. 
2005), in food industry (Mollapour et al. 2006), nano-
ﬂuid devices (Yeh et al. 2012), medical implants (Im et al. 
2007; Santin et al. 2006), etc. Neutron reﬂectivity, ﬂuores-
cence microscopy, transmission electron microscopy, and 
X-ray scattering have been applied to detect the inﬂuence 
of charged macromolecule on the microstructures and 
dynamic properties of the oppositely charged membrane 
or liposomes (Clausen-Schaumann and Gaub 1999; Deme 
et al. 2000; Diederich et al. 1998; Dietrich et al. 2009; Ding 
et al. 2010; Gambhir et al. 2004; Garnier-Lhomme et al. 
2009; Golebiewska et al. 2008; Porcar et al. 1994, 1997a, 
b, c; Raudino and Castelli 1997; Rusu et al. 2004; Wang 
et al. 2002; Wu et al. 2004; Zhdanov and Kasemo 2010). 
Investigations on the basis of the lateral distribution of 
domain probes have illustrated that the adsorbing cationic 
macromolecules or unstructured polypeptides can control 
the fraction of free PIP2 lipids in membrane (Honda et al. 
1999; McLaughlin et al. 2002; Murray et al. 2002; Tall 
et al. 2000; Watt et al. 2002) and regulate the diffusion of 
PIP2 (Golebiewska et al. 2008; Heo et al. 2006; McLaugh-
lin and Murray 2005). Meanwhile, the mobility of cationic 
macromolecules is conﬁned by the segregated PIP2 cloud 
(Golebiewska et al. 2006). It has been reported that cati-
onic macromolecule adsorption can also induce extensive 
clustering of the PS lipids in the membranes (Bazzi and 
Nelsestuen 1991), which are of great importance for many 
speciﬁc cell activities, such as plasma membrane (PM) tar-
geting of biomacromolecule with polybasic motifs (Yeung 
et al. 2008). Experimental studies have shown that the 
“nonspeciﬁc electrostatic interaction” between cationic 
macromolecule and anionic lipids in membrane is the main 
drive for the adsorption mechanism (McLaughlin and Mur-
ray 2005). The greater amount of charge brought by PIP2 
enables it to incur a larger electrostatic energy gain and a 
smaller demixing penalty, thus PIP2 lipids preferentially 
segregate around the cationic macromolecule (Gambhir 
et al. 2004; Lorenz et al. 2008; Ranaldi et al. 2002), yet no 
similar notable segregation is observed for monovalent ani-
onic PS (Golebiewska et al. 2006).
Previous experimental studies have provided instructive 
results for understanding this important system; however, 
due to the unstable physical and chemical states of the ani-
onic lipids and the deﬁciency of appropriate probes and 
approaches (McLaughlin and Murray 2005), experimen-
tal measurements could not provide more detailed infor-
mation on the lateral distribution and dynamic behaviors 
of the anionic lipids as well as the dynamic behaviors of 
the adsorbing macromolecules (Im et al. 2007; McLaugh-
lin and Murray 2005). Thus, effective theoretical or com-
putational modeling has also been extensively employed 
to further investigate the static and dynamic properties of 
macromolecule–membrane complexes. The localization of 
charged lipid segregation regulated by peripherally adsorb-
ing charged macromolecules has been well addressed 
(Dietrich et al. 2009; Lorenz et al. 2008; Rusu et al. 2004; 
Wang et al. 2002). Atomic-level models (Lemmon 2003; 
McLaughlin et al. 2002) and statistical–thermodynamic 
associated approaches exploring the energetic–entropic 
balance of the system (Heo et al. 2006; Lemmon 2003; 
Mitrakos and Macdonald 2000; Rusu et al. 2004; Tian and 
Ma 2012; Wang et al. 2002) have been proposed. Diverse 
coarse-grain models, which consider the lipids within regu-
lar solution theory and the macromolecule as a homogene-
ous ﬂat surface (Haleva et al. 2004), a cylinder (Mbamala 
et al. 2005), hard spheres (Dias et al. 2005), rectangles 
(Loew et al. 2009), a rigid W-shaped structure (Kiselev 
et al. 2011), or a ﬂexible polyelectrolyte (Tzlil and Ben-
Shaul 2005), have been developed. These models show that 
the extent of charged lipid segregation, the corresponding 
entropy loss and energy gain, and the lipid dynamic prop-
erties depend sensitively on the shape, charge, and con-
centration of the adsorbing macromolecules (May et al. 
2002; Mbamala et al. 2005). It is predicted (Khelashvili 
et al. 2008; May et al. 2000; Mbamala et al. 2005; Tzlil and 
Ben-Shaul 2005) that PIP2 lipids will preferentially segre-
gate around the cationic macromolecule. In comparison, 
the multiple PS lipids are not the major participant in the 
interaction but only weakly segregate, and the mobility of 
adsorbing cationic macromolecule and PS lipids remain 
largely uncorrelated (Khelashvili et al. 2008; Tzlil and 
Ben-Shaul 2005; Wang et al. 2004).
However, to date, knowledge about the inﬂuence of 
the chain length, charge density, and total charge amount 
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of the adsorbing macromolecule and the solution ionic 
strength on the segregation and restricted motility of dif-
ferent anionic lipids as well as the relative macromolecule 
dynamics is still limited. The adsorbing macromolecules 
can contain various numbers of basic residues, which 
bring positive charges; for instance, epidermal growth 
factor receptor (EGFR, residues 645–660) includes 8 
basic residues, growth-associated protein 43 (GAP43, 
residues 30–56) includes 11 basic residues, myristoylated 
alanine-rich C-kinase substrate (MARCKS, residues 151–
175) brings 13 basic residues, etc. (McLaughlin and Mur-
ray 2005). In addition, polypeptides of lysine and arginine 
with different polymerization degrees are widely used to 
investigate the macromolecule–membrane system (Died-
erich et al. 1998; Im et al. 2007; Khelashvili et al. 2008; 
Lorenz et al. 2008; McLaughlin et al. 2002; Raudino and 
Castelli 1997; Santin et al. 2006). Studies have indicated 
that variations of the net charge of the macromolecule 
and salt solution concentration can drastically affect the 
segregation behaviors of anionic lipids (Gambhir et al. 
2004; Lemmon 2003; Shaﬁr and Andelman 2006) and 
regulate the dynamics of the adsorbing macromolecules 
on membrane (Mbamala et al. 2005). Therefore, system-
atic investigations on the inﬂuences of the coupling effect 
(polymerization degree) and electrostatic interaction 
(charge density and total charge amount) of the polyelec-
trolyte and the salt solution screening effect on the static 
and dynamic behaviors of different anionic lipids, as well 
as the relative polyelectrolyte dynamics, can aid not only 
understanding of the biophysical processes but also the 
development of therapeutic strategies for diseases by con-
trolling the segregation and mobility of the anionic lipids 
(Czech 2000).
In our previous studies, we employed Monte Carlo sim-
ulations to investigate the interaction between polyelectro-
lyte and binary mixed membrane (Duan et al. 2013a) and 
explored the adsorption–desorption limit of the complex as 
well as the corresponding polyelectrolyte conformational 
variations on mixed membranes (Duan et al. 2013a, b). 
In this work, we further employ Monte Carlo simulations 
to investigate the interaction between a ﬂexible cationic 
polyelectrolyte and ternary mixed membranes containing 
laterally mobile neutral, monovalent, and tetravalent ani-
onic lipids in salt solutions. Our present systematic work 
is intended to yield new insights into the mechanisms of 
the heterogeneity formation in different anionic lipid spe-
cies in mixed ﬂuid membranes induced by polyelectro-
lyte adsorption, with particular emphasis on the effect of 
the chain length and charge density of the polyelectrolyte 
and the solution ionic concentration on (i) the segregation 
extent and concentration gradients of PIP2 and PS lipids 
around the adsorbing polyelectrolyte, and (ii) the hier-
archical mobility of the collective and single restricted 
PIP2 and PS lipids and the corresponding dynamics of the 
polyelectrolyte.
This paper is organized as follows: First, we depict the 
computational method of Monte Carlo simulation, includ-
ing molecular models and simulation details. Then, we 
discuss the effects of the chain length, charge density, and 
total charge amount of the polyelectrolyte as well as the 
solution ionic strength on the microstructures and dynamic 
properties of the system. Finally, conclusions are presented. 
Some data not shown are provided in the Electronic Sup-
plementary Material.
Model and simulation details
Model
In our system, we investigate the interaction between a 
ﬂexible cationic polyelectrolyte and a negatively charged 
lipid membrane in the equilibrium state. We construct the 
model on the basis of Tzlil and Ben-Shaul’s studies (2005) 
and our previous work (Duan et al. 2013a, b).
A two-dimensional hexagonal lattice surface 
is employed to model the mixed membrane with 
50 × 50 = 2,500 lipid headgroups residing at all the lat-
tice sites. The membrane is ﬂat and impenetrable to the 
polyelectrolyte. The lipid headgroups could be considered 
as a hexagonal array of closely packed disks. The area of 
each lipid headgroup is set as 65 Å2, and the diameter d 
of the disk is 8.66 Å (Duan et al. 2013a, b; Tzlil and Ben-
Shaul 2005). Focusing on the predominant issues of bio-
physical interest, we mainly investigate two types of repre-
sentative mixed membrane, containing electrically neutral 
(Zl = 0), monovalent (Zl = −1), and tetravalent (Zl = −4) 
lipids, representing phosphatidylcholine (PC), phosphati-
dylserine (PS), and phosphatidylinositol 4,5-bisphosphate 
(PIP2) lipids, respectively. The membrane compositions are 
PC:PS:PIP2 = 98:1:1 and PC:PS:PIP2 = 89:10:1, respec-
tively. We treat the lipid charges (Zl) as point charges resid-
ing at the grid points on the hexagonal lattices.
The polyelectrolyte chain is modeled as a freely jointed 
chain with N connected hard spheres (Wang et al. 2010). 
Each sphere models a physical bead with diameter of d 
(8.66 Å) and one or two positive charges equal to Zb resid-
ing at the bead center.
The total potential energy (U) of the system can be 
expressed as
In our model, the polyelectrolyte bond length is constant 
and equals d (8.66 Å), and for this freely ﬂexible polyelec-
trolyte chain, the total potential energy is free of the angle 
energy; thus both UBond and UAngle are set as 0.
(1)U = UUnbond + UBond + UAngle.
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In Eq. (1) the nonbonding energy is the summation of 
the hard-sphere repulsion (UH-S) and Coulomb interaction 
(UCoul), i.e.,
The hard-sphere potential, UH-S, ensures the excluded 
volume of the polyelectrolyte beads and the impenetrability 
of the membrane. UH-S has a positive inﬁnite value if the 
distance between two beads’ centers is less than d or the 
distance between a bead’s center and the membrane surface 
is less than d/2, else it has a value of 0.
The Coulomb interaction, UCoul, which describes elec-
trostatic interactions between particles in units of kBT, is 
calculated via the Debye–Hückel (DH) approximation, 
which is generally used in studies of similar systems (Tzlil 
and Ben-Shaul 2005; Tzlil et al. 2008):
where Zi and Zj are the charges (in units of e, the elemen-
tary charge) brought by two particles with distance of rij; 
lB = e2/εkBT is the Bjerrum length; e is the elementary 
charge, and ε is the dielectric constant. The polyelectrolyte 
and lipid monolayer are immersed in an aqueous solution 
that contains a symmetric 1:1 electrolyte with concentra-
tion of C, corresponding to a Debye screening length of 
κ−1. In our calculations, the relative dielectric constant of 
the solvent εr (εs) is ﬁxed at 78.5 and lB is set as 7.14 Å, 
appropriate for water at room temperature, and the die-
lectric constant of the membrane interior εr (εm) is set as 
2 (Khelashvili et al. 2008; Tzlil et al. 2008). For a simple 
description, we use kBT as the energy unit and d as the dis-
tance unit.
Simulation details
In our calculations, we perform Monte Carlo (MC) simu-
lations in the NVT ensemble. The conﬁguration update 
satisﬁes the Metropolis rule (Metropolis et al. 1953), and 
the two-dimensional periodical boundary condition is 
adopted in the x- and y-directions. We employ Kawasaki 
moves (Jan et al. 1984; Kawasaki 1972; Kiselev et al. 
2011) to model the anionic lipid movements by swap-
ping lipids with randomly selected neighbors, and use 
kink-jump, crankshaft, and translation of partial chain 
to model the polyelectrolyte relaxation behaviors (Duan 
et al. 2013a, b). The sequences of trial moves of lipids 
and polyelectrolyte beads are randomly generated. There-
fore, a complete Monte Carlo time step consists of the 
following consecutive operations: (i) all anionic lipids 
on the membrane attempt a random movement, and (ii) 
all beads of the polyelectrolyte attempt a movement. 
(2)UUnbond = UH-S + UCoul =
∑
ij
Uij.
(3)UDH(rij) = ZiZjlB
exp(−κrij)
rij
,
The accept ratios of the movements of all simulations 
are higher than 20 %. To explore the effects of the chain 
length, charge density, and total charge amount of the 
adsorbing polyelectrolyte on the segregation and mobil-
ity of the anionic lipids, the number of beads (N) of the 
polyelectrolyte is varied from 10 to 100 and the charge 
density (Zb) of the polyelectrolyte is set as +1 and +2, 
respectively. To investigate the screening effect of the 
salt solution, we change the Debye screening length by 
using monovalent salt concentration of C = 0.001 M 
(κ−1 = 96 Å), C = 0.01 M (κ−1 = 30 Å), C = 0.1 M 
(κ−1 = 10 Å), and C = 1 M (κ−1 = 3 Å).
At the beginning of the simulations, the anionic lipids 
are randomly generated on the lattice sites of the mem-
brane and the polyelectrolyte chain with randomly gener-
ated conformation is put onto the membrane surface. Then, 
1 × 106 MC steps of athermal relaxation occur to elimi-
nate artiﬁcial impact on the initial conﬁgurations. During 
this process, the polyelectrolyte is controlled to relax in 
the Debye screening length range above the membrane and 
interact with the membrane via only UH-S. Meanwhile, the 
anionic lipid molecules relax and disperse in the bulk dis-
ordered phase of the monolayer. After the athermal relaxa-
tion, the polyelectrolyte starts to interact with the anionic 
lipids via UDH and UH-S for another 2 × 106 MC steps, 
which has been tested to be long enough for system equi-
libration. Then, we begin to examine the system in another 
2 × 106 MC steps for the ensemble average. In summary, 
each simulation includes 1 × 106 MC steps for ather-
mal relaxation, 2 × 106 MC steps for equilibration, and 
2 × 106 MC steps for collecting ensemble average results. 
For each system, we carry out 20 parallel simulations with 
different random seeds, and provide the ultimate average 
results herein.
Results and discussion
Anionic lipid redistribution
When the cationic polyelectrolyte adsorbs onto the mixed 
membrane, the anionic lipids migrate toward the adsorbing 
polyelectrolyte to achieve local electrical neutrality. The 
adsorbing polyelectrolyte continuously diffuses and relaxes 
on the membrane; the mobile anionic lipids occasionally 
and temporarily escape from the polyelectrolyte’s interac-
tion zone and return to the homogeneous bulk lipid mix-
ture. Simultaneously, other free anionic lipids quickly seg-
regate around the polyelectrolyte to maintain the complex’s 
electrical neutrality. The diffusing polyelectrolyte emanates 
a dynamic electrostatic adsorbing ﬁeld, forms a segregated 
diffusing anionic lipid cloud underneath it, and results in 
local lipid heterogeneity.
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Figure 1a and b present top and side views of 
simulation snapshots of a polyelectrolyte adsorb-
ing on ternary membranes (PC:PS:PIP2 = 98:1:1 and 
PC:PS:PIP2 = 89:10:1) at equilibrium state. The solution 
ionic strength is ﬁxed at 0.01 M. In Fig. 1a, the polyelec-
trolyte chain length (N) is set as 40 beads and the polye-
lectrolyte bead charge density (Zb) is ﬁxed at +1, whereas 
in Fig. 1b, N = 80 and Zb = +2. We only show part of 
the system, yet it is apparent that the local anionic lipid 
concentration underneath the adsorbing polyelectrolyte 
signiﬁcantly exceeds the average anionic lipid concentra-
tion on the membrane.
A more vivid view of the anionic lipid heterogeneity 
induced by polyelectrolyte adsorption is shown in Fig. 2, 
which displays the density proﬁle variations of the ani-
onic lipids during a time lag of 500 MC steps in the ﬁnal 
2 × 106 MC steps producing the results. Snapshots are 
taken every MC step, thus the distributions are continu-
ously collected for 500 times. The solution ionic strength 
is ﬁxed as 0.01 M, and the color scale value represents the 
frequency with which anionic lipids appear at each site on 
the membrane, with red showing the sites more frequently 
visited by lipids and blue representing sites with depletion 
of corresponding lipid species visiting.
In Fig. 2a, we ﬁrst show the local density changes 
of PS lipids in a binary mixed lipid membrane 
(PC:PS = 90:10). When the polyelectrolyte with charge 
density (Zb) of +1 adsorbs on the membrane, heterogene-
ity is observed in the pools of PS lipids. The monovalent 
lipids cluster underneath the adsorbing polyelectrolyte 
(the green area), yet the freely diffusing PS lipids ﬂow 
fast and rarely stay at any given site. When the polyelec-
trolyte chain length (N) is increased from 40 to 80 beads, 
the PS heterogeneity area enlarges. When the polyelec-
trolyte charge density (Zb) is increased from +1 to +2, 
more signiﬁcant PS lipid restrictions are observed. Some 
sites are visited more than 300 times by PS (the orange 
area) during the 500 MC steps.
Fig. 1  Top and side views of 
simulation snapshots of the 
interaction between polyelectro-
lyte and mixed ﬂuid membranes 
(PC:PS:PIP2 = 98:1:1 and 
PC:PS:PIP2 = 89:10:1). PIP2 
lipid headgroups, PS lipid head-
groups, PC lipid headgroups, 
and polyelectrolyte beads are 
represented by red, blue, yellow, 
and green spheres, respectively. 
The solution ionic strength is 
ﬁxed at 0.01 M. a Zb = +1, 
N = 40. b Zb = +2, N = 80
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Further, in Fig. 2b, we show the lipid density pro-
ﬁle variations in a ternary mixed lipid membrane 
(PC:PS:PIP2 = 98:1:1). When Zb = +1 and N = 40, the PIP2 
lipids conspicuously segregate underneath the polyelectro-
lyte. When N is increased to 80 beads, more PIP2 lipids seg-
regate at the expense of fewer freely diffusing ones. When 
Zb is +2 and N is 40, the electrostatic adsorption between 
the polyelectrolyte chain and the PIP2 lipids enhances sig-
niﬁcantly. Some sites are visited by the PIP2 lipids more 
than 420 times in the 500 MC steps (the red points). In 
contrast, in these systems (Zb = +1, N = 40; Zb = +1, 
N = 80; Zb = +2, N = 40), the PS lipids always diffuse 
freely on the membrane and no restriction induced by the 
polyelectrolyte adsorption is observed. When the polyelec-
trolyte (Zb = +2, N = 80) bears a larger total charge amount 
(+2 × 80 = +160) than the PIP2 lipids (−4 × 25 = −100), 
PS lipids are bound by the polyelectrolyte–PIP2 complex 
and signiﬁcant PS heterogeneity is observed.
We then investigated the system with 
PC:PS:PIP2 = 89:10:1 (see Fig. S1 in the Electronic Sup-
plementary Material) and obtained similar results. In the 
ternary mixed ﬂuid membrane, PIP2 lipids dominate the 
polyelectrolyte–membrane interaction. The polyelectro-
lyte with total charge amount smaller than that of the local 
PIP2 lipids only segregates these multivalent lipids but 
cannot induce heterogeneity of the monovalent PS lipids; 
increase of the polyelectrolyte chain length and charge den-
sity enhances the PIP2 heterogeneity. The polyelectrolyte 
with total charge amount larger than that of the local PIP2 
lipids further binds PS lipids, resulting in PS heterogeneity 
around the polyelectrolyte–PIP2 complex.
Anionic lipids in vicinity to the adsorbing polyelectrolyte
To explore the segregation and concentration gradients of 
anionic lipids induced by polyelectrolyte adsorption, we 
Fig. 2  Density proﬁle of tetravalent PIP2 lipids and monovalent PS 
lipids induced by polyelectrolyte adsorption. a PC:PS = 90:10, b 
PC:PS:PIP2 = 98:1:1. Snapshots are taken continuously for 500 MC 
steps dynamic time evolution. The color scale value represents the 
frequency with which charged lipids appear at each site on the mem-
brane, with red showing sites more frequently visited by lipids and 
blue representing sites with depletion of corresponding lipid species 
visiting
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deﬁne several interaction zones on the membrane, which 
has been proven to be an effective method to investigate the 
static and dynamic behaviors of bound oppositely charged 
particles around a polyelectrolyte (Liu and Muthukumar 
2002). The kth interaction zone represents the area on the 
membrane within a distance k × d (d = 8.66 Å) from any 
bead center of the adsorbing polyelectrolyte. k ranges from 
1 to 8, and the kth interaction zone contains the (k − 1)th 
interaction zone. With increasing k, the area of the corre-
sponding interaction zone grows geometrically. A sche-
matic drawing of the eight interaction zones is shown in 
our previous study (Duan et al. 2013a) and the Electronic 
Supplementary Material. These dynamic interaction zones 
change their shape and size according to the speciﬁc con-
formation of the diffusing polyelectrolyte on the mem-
brane. During the simulation, some anionic lipids may stay 
in these interaction zones for a very long time, while some 
just pass quickly through the zones, and there also exist 
frequent exchanges between bound and freely diffusing 
anionic lipids. To characterize the number of “segregated” 
anionic lipids and detect their dynamics, we examine the 
system in each 50 MC steps. If an anionic lipid always 
stays within a certain interaction zone in the 50 MC steps, 
it is deﬁned as “remaining” (or “segregated”) in that inter-
action zone. In this way, with this 50 MC step time effect, 
we effectively handle the exchange between “segregated” 
and “free” anionic lipids, and also discriminate freely dif-
fusing anionic lipids, which do not interact with the poly-
electrolyte but only quickly pass by the chain. We monitor 
the system during the whole 2 × 106 MC ensemble average 
procedure, and detect the thermodynamic properties and 
dynamics of the anionic lipids remaining in the eight inter-
action zones in each 50 MC steps.
Figure 3a, b shows the numbers of anionic lipids 
remaining in the eight interaction zones as functions of 
polyelectrolyte chain length (N) and charge density (Zb). 
The x-coordinate represents the eight interaction zones; the 
y-coordinate shows the number of anionic lipids remain-
ing in each zone; square, triangle, inverse triangle, circle, 
diamond, and left-facing triangle symbols correspond to 
chain length of the adsorbing polyelectrolyte of 10, 20, 
40, 60, 80, and 100 beads, respectively. For comparison, 
we investigate the system with membrane composition of 
PC:PS:PIP2 = 98:1:1. In Fig. 3a, the polyelectrolyte charge 
density is ﬁxed at +1. Our results show that, with increase 
of the polyelectrolyte chain length, more PIP2 lipids are 
segregated. This ﬁnding is quantitatively consistent with 
Gambhir and McLaughlin’s experimental work, which 
shows that increasing the polyelectrolyte polymerization 
degree can enhance the electrostatic binding of PIP2 lipids 
(Gambhir et al. 2004). The PIP2 lipids are rarely segre-
gated in the ﬁrst interaction zone, while in the larger sec-
ond interaction zone (k = 2), the amount of segregated PIP2 
lipids increases signiﬁcantly, especially for polyelectrolytes 
with longer chain length. In contrast, no monovalent PS is 
observed in the second interaction zone. With the increase 
of k from 2 to 8, the number of segregated PIP2 lipids 
increases and achieves saturation. In comparison, the num-
ber of PS lipids only increases slightly. Figure 3b shows the 
number of PIP2/PS lipids remaining in the interaction zones 
of polyelectrolytes with higher charge density (Zb = +2). 
It can be seen that most segregated PIP2 lipids are con-
trolled in the ﬁrst interaction zone. With the increase of the 
interaction zone area, the amount of segregated PIP2 lipids 
quickly achieves saturation. When the polyelectrolyte chain 
length (N) is fewer than 40 beads, only a few monovalent 
PS lipids remain in the interaction zone of the polyelectro-
lyte. However, when the polyelectrolyte chain length (N) 
is longer than 60 beads, it can segregate all 25 (1 %) PIP2 
lipids. With further increase of N to 100 beads, the num-
bers of PS remaining in the third to eighth interaction zones 
increase signiﬁcantly, meaning that PS lipids bind around 
the polyelectrolyte–PIP2 system.
The numbers of anionic lipids remaining in the interac-
tion zones demonstrate that the local electrostatic potential 
energy between the adsorbing charged macromolecule and 
the oppositely charged ﬂuid membrane should be minimal 
Fig. 3  Numbers of PIP2 and PS lipids remaining in the eight interac-
tion zones. The adsorbing charge densities of the polyelectrolytes are 
+1 (a) and +2 (b). The solution ionic strength is ﬁxed at 0.01 M, and 
the membrane composition is PC:PS:PIP2 = 98:1:1
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at the isoelectric point (Loew et al. 2009; McLaughlin and 
Murray 2005; Tzlil and Ben-Shaul 2005). This process is 
opposed by the loss of lipid demixing entropy and polyelec-
trolyte conformational entropy. Importing one tetravalent 
PIP2 lipid into the interaction zone by the polyelectrolyte 
results in a smaller demixing penalty and larger counterion 
adsorption energy gain compared with that of importing 
four monovalent PS lipids (Tzlil and Ben-Shaul 2005), thus 
PIP2 preferentially segregates underneath the polyelectro-
lyte. The electrostatic screening effect from the segregated 
PIP2 lipids competitively inhibits binding of PS lipids to the 
polyelectrolyte, therefore when the total of the PIP2 lipids 
bear enough negative charge to neutralize the cationic 
adsorbate, the monovalent anionic PS lipids present a free 
state and do not interact with the adsorbate directly, only 
contributing to reduce the demixing entropy loss of the 
multivalent PIP2 lipids in the polyelectrolyte–PIP2 binding. 
However, when the total charge amount of the local PIP2 
lipids is not sufﬁcient to match the cations of the polyelec-
trolyte, as shown in the case in Fig. 3b (N ≥ 60, Zb = +2), 
the freely diffusing monovalent PS lipids actively adsorb 
at the periphery of the polyelectrolyte–PIP2 complex to 
achieve local electrical neutrality. Simultaneously, a similar 
quantity of polyelectrolyte charges adsorbs in a very narrow 
layer above the charged lipids, as discussed below. There-
fore, as shown in Fig. 3, we can estimate the amount of the 
different segregated anionic lipid species by computing the 
total charge amount of anionic lipids required to neutralize 
the total charges of the adsorbing macromolecule. Further-
more, we can also conclude that, it is easier for polyelectro-
lytes with higher charge density to import multivalent PIP2 
lipids into smaller interaction zones. When the charge den-
sity of the polyelectrolyte is +1 (Zb = +1), the polyelec-
trolyte–PIP2 complex can achieve complete neutralization 
in larger interaction zones, so as to retain more polyelec-
trolyte ﬂexibility and anionic lipid translational freedom. 
In comparison, polyelectrolytes with higher charge density 
(Zb = +2) segregate the PIP2 lipids in smaller interaction 
zones (e.g., the ﬁrst interaction zone) and the PIP2 lipids 
present sharper concentration gradients, which is because 
the electrostatic energy gain from neutralization dominates 
over the entropic penalties caused by the loss of lipid mix-
ing freedom and polyelectrolyte ﬂexibility.
We also investigated the inﬂuence of the solution ionic 
strength (C) on the number of anionic lipids in vicinity to 
the polyelectrolyte (Fig. S3) for C ranging from 0.001 to 
1 M. When C is ﬁxed as 1 M, the strong screening effect 
of the solution results in polyelectrolyte desorption from 
the membrane. When C is 0.1 M, the polyelectrolytes with 
Zb = +1 cannot adsorb onto the membrane, and the poly-
electrolytes with Zb = +2 can interact with the membrane 
and segregate PIP2 lipids; however, due to the screening 
effect of the solution, they cannot bind PS lipids (Fig. S3a). 
With C decreasing to 0.001 M, the general binding inter-
action of the anionic lipids is enhanced (Fig. S3b and 
S3c). These results are consistent with previous experi-
ments, which show that lateral segregation of anionic lipids 
increases as the solution ionic concentration decreases 
(Gambhir et al. 2004; Mitrakos and Macdonald 2000).
Radial distribution functions of anionic lipids
To further investigate the two-dimensional distributions of 
anionic lipids, we calculate the radial distribution function 
(RDF) of each anionic lipid species. The RDF is the ratio 
value of the average local concentration of other conge-
neric lipids at distance r from each single lipid versus the 
bulk concentration of this lipid species on the membrane. It 
can measure the changes of local lipid concentration after 
polyelectrolyte adsorption.
We ﬁrst investigate the RDF of each anionic lipid spe-
cies in a membrane with PC:PS:PIP2 = 98:1:1. Figure 4a 
and b show the radial distribution functions (RDFs) of 
PIP2–PIP2 systems, denoted as gPIP2−PIP2(r), regulated by 
an adsorbing polyelectrolyte with charge density of +1 and 
+2, respectively. In each ﬁgure, we explore the inﬂuence 
of polyelectrolyte chain length (N) ranging from 10 to 100 
on gPIP2−PIP2(r). Figure 4c and d show the corresponding 
RDFs of PS–PS systems, denoted as gPS–PS(r).
In Fig. 4a, for the naked membrane (no polyelectrolyte 
adsorption), the electrostatic repulsion between PIP2 lipids 
prohibits their approach, thus gPIP2−PIP2(r) increases with r 
and gradually reaches a plateau close to 1. When the poly-
electrolyte charge density is +1 (Zb = +1), peaks begin to 
appear in gPIP2−PIP2(r) at r of 2 (×8.66 Å). As the poly-
electrolyte chain length (N) increases from 10 to 100 beads, 
the peaks increase signiﬁcantly, indicating that more PIP2 
lipids segregate around the polyelectrolyte to neutralize its 
cations. In contrast, no signiﬁcant changes of gPS–PS(r) are 
observed, and the corresponding gPS–PS(r) values (Fig. 4c, 
Zb = +1) are almost the same as for the naked membrane 
(Fig. 4e). This means that the polyelectrolyte adsorption 
only induces lateral heterogeneity of PIP2 lipid species, 
while the PS lipids do not bind but freely diffuse on the 
membrane.
In Fig. 4b, when Zb is +2 and N is 10, peaks begin to 
appear at r slightly larger than 1.7 (×8.66 Å), indicating 
that a larger number of PIP2 lipids compactly segregate 
around the polyelectrolyte with higher charge density. With 
increase of N from 10 to 40, the gPIP2−PIP2(r) peaks at small 
r (r < 8) grow signiﬁcantly while the gPIP2−PIP2(r) values 
at larger r (16 < r < 18) gradually decrease, implying that 
more PIP2 lipids segregate underneath the polyelectrolyte 
to neutralize its cations, at the expense of free PIP2 lipids. 
In contrast, the polyelectrolytes with chain length (N) rang-
ing from 10 to 40 beads do not bind the PS lipids (Fig. 4d, 
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Zb = +2). When N increases from 40 to 100, the peak of 
gPIP2−PIP2(r) at small r drops (Fig. 4b) and the highest peaks 
appear at r = 2 (×8.66 Å). This is because all 1 % PIP2 
lipids are segregated in a least compact way underneath 
the longer linear polyelectrolyte. In contrast, the gPS–PS(r) 
values at small r increase signiﬁcantly (Fig. 4d), indicating 
that PS lipids are signiﬁcantly bound.
We also investigated the radial distribution func-
tion (RDF) of each lipid species in the membrane with 
PC:PS:PIP2 = 89:10:1 (Fig. S4), obtaining similar results. 
When the polyelectrolyte’s total charge amount exceeds 
that of the local PIP2 lipids, as shown in Fig. S4d, the 
increased peak value at small r still shows segregation 
behavior of PS lipids in this system, even though the back-
ground effect caused by the much larger average concentra-
tion of PS lipid species (10 % of total lipids) may weaken 
the peak values.
Distribution of beads of the adsorbing polyelectrolyte
We further investigate the distribution of beads of the 
adsorbing polyelectrolyte versus the distance r between the 
bead centers and membrane surface, denoted as gM–P(r). In 
Fig. 5a and b, the charge density (Zb) of the polyelectro-
lyte is set as +1 and +2, respectively. The solution ionic 
strength is ﬁxed at C = 0.01 M, and the chain length of 
the polyelectrolyte varies from 10 to 100 beads. We ﬁrst 
investigate the inﬂuence of the charge density (Zb) of the 
polyelectrolyte on gM–P(r). It can be found that, when Zb is 
+1 (Fig. 5a), a signiﬁcant shoulder peak appears in gM–P(r), 
contributed by beads in loops and tails of the adsorbing 
polyelectrolyte. This observation qualitatively agrees with 
the behavior of electric double layers (EDLs) of polyelec-
trolytes adsorbed on a charged planar surface (Akesson 
et al. 1989; Kleijn et al. 2004) in experimental and simu-
lation studies. When Zb is increased to +2 (Fig. 5b), the 
shoulder peak weakens and the contact values of gM–P(r) 
increase signiﬁcantly. We then investigated the inﬂuence 
of the polyelectrolyte chain length (N) on gM–P(r). In both 
Fig. 5a and b, as N increases from 10 to 100, the contact 
value increases dramatically. The ﬂexible polyelectrolyte 
with longer chain length interacts with the membrane and 
binds more anionic lipids, which counteract to weaken the 
electrostatic repulsion between the connected beads of the 
Fig. 4  Radial distribution func-
tions (RDFs) of anionic lipids. 
RDFs between PIP2 lipids (a, b) 
and between PS lipids (c–e) in 
solution with ionic strength of 
0.01 M. The membrane compo-
sition is PC:PS:PIP2 = 98:1:1
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polyelectrolyte. Thus, more beads are closely adsorbed onto 
the membrane layer at distance of r < 1 (×8.66 Å). This 
helps to create the coupling effect between the connected 
beads, which further affects the segregation of the anionic 
lipids. In Fig. 5c, N = 20 and Zb = +2. When C = 0.1 M, 
a shoulder peak appears in gM–P(r), indicating a prominent 
screening effect caused by the salt solution. When C is 
decreased to 0.001 M, this shoulder peak becomes blurred 
and the contact value increases signiﬁcantly, which means 
that the solution screening effect weakens, and the polye-
lectrolyte–membrane attraction enhances signiﬁcantly.
Diffusion of anionic lipids
The previous discussion illustrated that polyelectrolyte 
adsorption can regulate the segregation and concentra-
tion gradients of anionic lipids, whereas our results show 
that the dynamical heterogeneity of the lipids can be more 
clearly manifested by investigating the dynamic behav-
iors of different anionic lipid species and the adsorbing 
polyelectrolyte. The adsorbing polyelectrolyte diffuses 
and drags a segregated lipid cloud along. Meanwhile, the 
anionic lipid cloud conﬁnes the mobility of the polyelec-
trolyte (Golebiewska et al. 2006; Khelashvili et al. 2008). 
In the lipid cloud, anionic lipids continuously move and 
redistribute locally, thus the mobility of single anionic 
lipids varies from spot to spot. To explore the dynamic 
properties of the complex, we calculate the mean square 
displacement (MSD) of the center of mass of the poly-
electrolyte, the anionic cloud, and the single anionic lipid 
(PC:PS:PIP2 = 98:1:1), denoted as mp(t), mc(t), and ml(t), 
respectively, as a function of time,
where rcm(t) can represent the position of the center of mass 
of the adsorbing polyelectrolyte, the position of the center 
of mass of the anionic cloud, or the position of single lipid 
at time t. We also show the dynamic process during 1,000 
MC steps for four representative trajectories in Supplemen-
tary Video 1 (Zb = +1, N = 10), Supplementary Video 2 
(Zb = +1, N = 40), Supplementary Video 3 (Zb = +2, 
N = 10), and Supplementary Video 4 (Zb = +2, N = 80).
Diffusion of the adsorbing polyelectrolyte
We ﬁrst investigate the restricted diffusion behaviors of the 
adsorbing polyelectrolyte. To compare with the results of 
the segregated anionic lipids discussed above, the MSD 
of the polyelectrolyte’s center of mass for each 50 Monte 
Carlo steps (denoted as mp-50) was calculated during the 
whole 2 × 106 MC ensemble averaging, being plotted 
against the polymerization degree (N) on a log–log scale in 
Fig. 6. N ranges from 10 to 100. The solution ionic strength 
is set as 0.01 M. The slope of the reference solid line is −1.
When Zb is +1 (square symbols), the magnitude of mp-50 
scales inversely with the polymerization degree (N) of 
the polyelectrolyte, mp-50 ∝ N−1. Our results are in close 
agreement with the prediction of the Rouse model (Rouse 
1953) and consistent with previous experiments (Maier 
and Radler 1999) that measured the diffusion of adsorbing 
polymer, showing precisely the same dependence on the 
polymerization degree (N). For the polyelectrolytes with 
charge density of Zb = +2 (triangle symbols), due to the 
enhanced segregation (see Fig. 3b, c; Supplementary Vid-
eos 3 and 4), slower chain mobility is shown. When the 
(4)m(t) = 〈[rcm(t) − rcm(0)]2〉,
Fig. 5  Distribution of beads of the adsorbing polyelectrolyte versus 
the distance r between the bead centers and membrane surface. a 
Chain length N varies from 10 to 100, Zb = +1, C = 0.01 M. b Chain 
length N varies from 10 to 100, Zb = +2, C = 0.01 M. c Inﬂuence of 
the solution ionic strength C
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total charge amount of the polyelectrolyte is smaller than 
that of the PIP2 lipids (N ≤ 40 and Zb × N < 100 charges), 
the plot still shows an empirical power-law relationship, 
mp-50 ∝ N−1. However, when the total charge amount of 
the polyelectrolyte exceeds that of all PIP2 lipids (e.g., 
Zb = +2 and N ≥ 60), the mp-50 values do not follow 
mp-50 ∝ N−1. This is because the adsorbing polyelectrolyte 
locally overcharges the 1 % PIP2 lipids, and the monovalent 
PS lipids cannot adsorb the polyelectrolyte ﬁrmly, thus the 
polyelectrolyte partly protrudes into the solution and forms 
loops and tails of the chain. These parts of the polyelec-
trolyte move quickly, resulting in the dramatic increase of 
the mp-50 values. To further investigate the chain dynamics, 
we also set the charge density of the polyelectrolyte as +3 
(inverse triangle symbols) and +4 (circle symbols), observ-
ing similar polyelectrolyte chain dynamics.
Diffusion of the anionic lipid cloud
We further investigate how the polyelectrolyte drags the ani-
onic lipid cloud to diffuse on the membrane. In the previ-
ous discussion, we calculated the number of anionic lipids 
remaining in each interaction zone. We deﬁne all PIP2 lipids 
segregated in each interaction zone in the 50 MC steps as 
a “PIP2 microdomain” and all PS lipids segregated in each 
interaction zone in the 50 MC steps as a “PS microdomain,” 
and we calculate the MSD of every lipid microdomain’s 
center of mass in each 50 MC steps (denoted as mc-50) for 
the eight interaction zones. The mc-50 values are plotted as a 
function of the polyelectrolyte chain length and charge den-
sity in Fig. 7. In each ﬁgure, the x-coordinate represents the 
kth macrodomains in the kth interaction zone; the y-coordi-
nate shows the corresponding mc-50 value of the anionic lipid 
macrodomains; solid square, triangle, inverse triangle, circle, 
diamond, and left-facing triangle symbols (and solid lines) 
indicate the mc-50 values of PIP2 lipid microdomains bound 
by a polyelectrolyte with chain length of 10, 40, 60, 80, and 
100, respectively, whereas empty square, triangle, inverse 
triangle, circle, diamond, and left-facing triangle symbols 
(and solid lines) indicate the mc-50 values of PS lipid micro-
domains bound by a polyelectrolyte with chain length of 10, 
40, 60, 80, and 100, respectively. For comparison, in the ﬁg-
ures we also show the relative polyelectrolyte mobility, mp-50, 
using empty symbols and solid lines.
In Fig. 7a, when the Zb of the polyelectrolyte is +1, from 
the second to the eighth interaction zone, more anionic 
lipids are conﬁned, but the polymer’s average attraction 
decreases in the larger interaction zones. In a larger lipid 
microdomain (lipid cloud), some segregated PIP2 lipids can 
diffuse much faster in a larger interaction zone, increas-
ing the mobility of the lipid microdomain. Therefore, the 
mobility of the center of mass of the larger lipid microdo-
main (conﬁned in a larger interaction zone) is faster than 
the mobility of the center of mass of a smaller lipid cloud 
(conﬁned in a smaller interaction zone). With increasing 
N, the mobility of the two-dimensional (2D) adsorbing 
Fig. 6  MSD of the polyelectrolyte’s center of mass for 50 Monte 
Carlo steps (mp-50). mp-50 values are plotted against the polym-
erization degree of the adsorbing polyelectrolyte on log–log 
scale. The slope of the reference solid line is −1. C = 0.01 M and 
PC:PS:PIP2 = 98:1:1
Fig. 7  MSD of the center of mass of anionic lipid microdomains 
for 50 Monte Carlo steps (mc-50). mc-50 values of the anionic lipids 
in different interaction zones are plotted against the chain length and 
charge density of the adsorbing polyelectrolyte. C = 0.01 M and 
PC:PS:PIP2 = 98:1:1. a Zb = +1. b Zb = +2
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polyelectrolyte decreases according to the relationship 
mp-50 ∝ N−1, and the corresponding mc-50 also decreases 
with the mobility of the polyelectrolyte, indicating that the 
PIP2 lipids are segregated by the diffusing polyelectrolyte 
in units of microdomains. Our results are in close agree-
ment with the earlier simulation results of Khelashvili 
et al. (2008) and experimental results of Golebiewska et al. 
(2006), which revealed that positively charged polymers 
drag electrostatically bound PIP2 lipids to diffuse on the 
membrane. However, the conﬁned PIP2 lipid microdomain 
can diffuse around the polyelectrolyte, thus its mobility 
is greater than that of the polyelectrolyte chain. Although 
several PS lipids remained in the third to eighth interaction 
zones, they only randomly appear in the relatively larger 
interaction zones and do not interact with the polyelectro-
lyte directly, thus the mc-50 values of the PS microdomains 
present much faster mobility than the corresponding PIP2 
microdomain as well as the adsorbing polyelectrolyte. 
With increase of the interaction zone area, more PS lipids 
randomly remain in the larger interaction zone. These PS 
lipids do not interact with the polyelectrolyte directly, and 
the mobility of the PS lipid domains decreases.
In Fig. 7b, with higher Zb of +2, due to the enhanced 
segregation, decreased mc-50 values are observed. The mc-50 
variations are in close correspondence with the relative 
mobility changes of the adsorbing polyelectrolyte, and 
the differences between the mc-50 and mp-50 values become 
smaller, which means that the segregated PIP2 lipid micro-
domains are bound more closely to the slowly diffusing 
polyelectrolyte. When the polyelectrolyte overcharges the 
local PIP2 lipids (N ≥ 60, Zb = +2), the electrostatic effect 
area formed by the longer linear adsorbing polyelectrolyte 
enlarges. The segregated PIP2 lipids can freely diffuse in 
these larger interaction zones, and the mc-50 values increase 
slightly (e.g., the solid diamond and left-facing triangle 
symbols and solid lines in Fig. 7b). Simultaneously, the PS 
lipids are also restricted around the polyelectrolyte–PIP2 
complex, and the mobility (mc-50 values) of the PS lipid 
microdomains decreases dramatically (e.g., the empty dia-
mond and left-facing triangle symbols and short dashed 
lines in Fig. 7b).
Diffusion of single anionic lipids
We now turn to investigate the mobility gradients of sin-
gle anionic lipids in the segregated lipid microdomains. 
In Fig. 8, we compare the average MSD of segregated 
PIP2 and PS lipids for 50 MC steps (calculated from 
the 2 × 106 MC ensemble average), denoted as ml-50, 
in different interaction zones on the membrane surface 
(PC:PS:PIP2 = 98:1:1). For comparison, we ﬁrst calcu-
late the ml-50 of PIP2 and PS lipids on the naked membrane 
(no polyelectrolyte adsorption, PC:PS:PIP2 = 98:1:1); the 
calculated results for PIP2 and PS are both approximately 
equal to 37 (×8.66 Å/50 MC steps). This is because, on 
the naked membrane, the electrostatic repulsion between 
the anionic lipids prohibits their aggregation, and the lipids 
move freely. Figure 8a and b show the ml-50 values of the 
PIP2 and PS lipids in different interaction zones of the poly-
electrolyte for charge density of +1 and +2, respectively. 
In each ﬁgure, the x-coordinate represents the interaction 
zones and the y-coordinate shows the ml-50 of the anionic 
lipids remaining in the eight interaction zones; solid square, 
triangle, inverse triangle, circle, diamond, and left-facing 
triangle symbols (and solid lines) indicate the ml-50 values 
of single PIP2 lipid bound by polyelectrolyte with chain 
length of 10, 40, 60, 80, and 100 beads, respectively. The 
empty symbols and short dashed lines indicate the ml-50 
of single PS lipid remaining in the interaction zones of the 
polyelectrolyte.
When the Zb of the adsorbing polyelectrolyte is +1 
(Fig. 8a), from the ﬁrst to the eighth interaction zone, rel-
atively faster average mobility of PIP2 is observed, indi-
cating that the adsorbate’s average interaction weakens 
for large zones. In the smaller interaction zones, the PIP2 
lipids segregated by a polyelectrolyte with chain length 
of 10 beads exhibit a relatively slow mobility (e.g., the 
solid square symbols for the ﬁrst or second interaction 
zone). When the chain length of the adsorbing polyelec-
trolyte increases, the average mobility of single PIP2 lipids 
Fig. 8  MSD of single anionic lipids for 50 MC steps (ml-50). 
C = 0.01 M and PC:PS:PIP2 = 98:1:1. a Zb = +1. b Zb = +2
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increases (e.g., the solid triangle symbols for the ﬁrst or 
second interaction zone). This is because the polyelectro-
lyte adsorption creates nanodomains of lipid whose mobil-
ity is determined by the occluded area of the adsorbing 
polyelectrolyte. A polyelectrolyte with longer chain length 
has a stronger bead coupling effect and forms a larger 2D 
network. In the larger ensuing homogeneous interaction 
zones (e.g., ﬁrst or second interaction zone), the segregated 
PIP2 can bind at any site. Thus, even though the entire 
microdomain formed by the longer polyelectrolyte presents 
slower mobility (Fig. 8a), single PIP2 lipids can freely dif-
fuse in this larger zone, presenting a larger ml-50 than those 
in smaller microdomains formed by shorter adsorbing 
chains. More importantly, in the larger interaction zones, 
the ml-50 of the PIP2 lipids segregated by a polyelectro-
lyte with short chain length (e.g., the solid square symbols 
for the seventh or eighth interaction zone) are larger than 
those of the PIP2 lipids segregated by a polyelectrolyte 
with longer chain length (e.g., the solid triangle symbols 
for the seventh or eighth interaction zone). Two reasons are 
responsible for these results: First, the electrostatic inter-
actions between the lipids and the end beads of the poly-
electrolyte are much weaker than those between lipids and 
beads in the middle of the chain. In a short polyelectrolyte, 
this weakly attractive end area occupies a larger area than 
in a long polyelectrolyte. Second, the PIP2 lipids segregated 
in large interaction zones have more chance to interact with 
the increased charged beads of the longer polyelectrolyte 
and endure greater restriction. Therefore, the increasing 
bead coupling effect for the longer polyelectrolyte slows 
down the average mobility of the single segregated PIP2 
lipids. Even though the anionic lipid is conﬁned to a certain 
zone, it can freely diffuse in that zone, thus the mobility of 
the single lipid is faster than that of the adsorbing polyelec-
trolyte. The electrostatic repulsion between PIP2 and PS 
prohibits segregation of PS lipids in the smaller interaction 
zones (Fig. 3). In the larger interaction zones, PS presents a 
very fast mobility. As shown in our previous discussion, the 
polyelectrolyte does not interact with the PS lipids directly, 
so the chain length of the adsorbing polyelectrolyte has no 
signiﬁcant inﬂuence on the dynamic behaviors of the PS 
lipids.
In Fig. 8b, the charge density of the polyelectrolyte is 
increased to +2. The PIP2 lipids endure stronger electro-
static attractions from the polyelectrolyte, so in small inter-
action zones, PIP2 lipids segregated by polyelectrolytes 
with different chain lengths exhibit similar mobility. In 
large interaction zones, the coupling effects of the poly-
electrolyte beads determine the mobility of PIP2. When 
N ≥ 60, the polyelectrolyte segregates all the PIP2 lipids in 
the second interaction zone, thus the ml-50 values show pla-
teaus. On increasing the polyelectrolyte chain length from 
80 to 100 beads, the interaction zone of the polyelectrolyte 
enlarges. The PIP2 lipids can freely diffuse in the zones, 
and ml-50 exhibits a larger value. The local PIP2 lipids on 
the membrane are not enough to neutralize the polyelec-
trolyte’s cations, thus the PS lipids adsorb to neutralize the 
polyelectrolyte, and their average mobility decreases sig-
niﬁcantly (see Supplementary Video 4). On increasing the 
chain length from 60 to 100 beads, the number of bound PS 
lipids increases, and these PS lipids have more chance to 
interact with the increased charged beads of the polyelec-
trolyte, thus the mobility of PS decreases.
We also present the inﬂuence of the solution ionic 
strength on mp-50, mc-50, and ml-50 (PC:PS:PIP2 = 98:1:1) in 
Figs. S5, S7, and S9 (Electronic Supplementary Material). 
The general mobility tendencies are similar to those in solu-
tion with ionic strength of 0.01 M, and the results indicate 
that the electrostatic interaction between the anionic lipids 
and the polyelectrolyte is enhanced as the solution ionic 
concentration decreases. The corresponding mp-50, mc-50, 
and ml-50 values of the system with PC:PS:PIP2 = 89:10:1 
are shown in Figs. S6, S8, and S10. The similar results for 
mp-50, mc-50, and ml-50 illustrate that our conclusions can 
be applied to explain dynamic heterogeneity formation in 
more realistic membrane compositions with sizable pools 
of PS lipids.
Because of the fast hydrolysis of highly charged ani-
onic lipids and the lack of appropriate detection probes and 
approaches, to date, experimental studies on the concentra-
tion gradients and hierarchical mobility of different anionic 
lipids induced by adsorption of different macromolecules 
remain limited (McLaughlin and Murray 2005). We hope 
that our ﬁndings will provide a perspective to interpret 
related phenomena.
Conclusions
In this work, we employ a simple Monte Carlo model to 
investigate the interaction between a linear ﬂexible poly-
electrolyte and a ternary mixed membrane. We systemati-
cally explore the effects of the chain length, charge density, 
and total charge amount of the adsorbing cationic polyelec-
trolyte as well as the ionic strength of the salt solution on 
the segregation and conﬁned mobility of multivalent ani-
onic PIP2 lipids and monovalent anionic PS lipids.
Based on the simulation results and qualitative theo-
retical analysis, we have shown that, for a ternary mixed 
membrane, multivalent PIP2 lipids dominate the polyelec-
trolyte–membrane interaction and competitively inhibit 
binding of monovalent PS lipids to the polyelectrolyte. 
When the total charge amount of the adsorbing polyelectro-
lyte is smaller than that of the local PIP2 lipids, the polye-
lectrolyte preferentially segregates tetravalent PIP2 but does 
not interact with the monovalent PS lipids. The adsorbing 
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polyelectrolyte drags a bound PIP2 cloud to diffuse on the 
membrane, and the diffusion behaviors of the chain follow 
the prediction of the Rouse model. The bead charge density 
and chain length of the polyelectrolyte cooperate to deter-
mine the concentration gradients and hierarchical mobil-
ity of the PIP2 lipids. When the total charge amount of the 
polyelectrolyte exceeds that of the local PIP2 lipids, the 
polyelectrolyte forms a robust electrostatic well to trap all 
PIP2 lipids, and further binds monovalent PS lipids at the 
periphery of this polyelectrolyte–PIP2 complex to achieve 
local electrical neutrality. The polyelectrolyte chain proper-
ties can also inﬂuence the static and dynamic properties of 
the restricted PS lipids. In addition, decrease of the solution 
ionic strength can signiﬁcantly enhance the electrostatic 
polyelectrolyte–membrane binding. When the adsorbing 
polyelectrolyte locally overcharges all the anionic lipids in 
the membrane, the chain partly protrudes into the solution, 
and these parts present fast local movements.
We hope that our ﬁndings will provide a perspective to 
interpret biophysical heterogeneity formation in more com-
plicated systems and provide inspiration to biophysics and 
for medical applications.
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